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SMEFT and flavour symmetry /Y

SMEFT is an EFT that allows us to study heavy NP in a model agnostic way:

SM SM

NP

C
LsmerT = Lsm + Z It Q;

/ \\ [arXiv:1008.4884: Grzadkowski, Iskrzynski, Misiak, Rosiek]

SM SM
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SMEFT and flavour symmetry /

SMEFT is an EFT that allows us to study heavy NP in a model agnostic way:

SM SM

NP

Ci
LsmerT = Lsm + Z It Q;

[arXiv:1008.4884: Grzadkowski, Iskrzynski, Misiak, Rosiek]

SM SM

Symmetry assumption on NP:

U(3)° =U(3), x U(3), x U(3)e x U(3), x U(3)g
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SMEFT and flavour symmetry S

SMEFT is an EFT that allows us to study heavy NP in a model agnostic way:

SM SM

NP

Ci
LsmerT = Lsm + Z It Q;

[arXiv:1008.4884: Grzadkowski, Iskrzynski, Misiak, Rosiek]

SM SM

From 2499 dimension six operators to 41

Symmetry assumption on NP: CP even)

[2005.05366: Faroughy, Isidori, Wilsch, Yamamoto]

U(3)° =U(3), x U(3), x U(3)e x U(3), x U(3)g
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Global analyses in the SMEFT /Y

One operator influences different observables:

Z decay Higgs-Z production Drell-Yan process

One observable is influenced by different operators:
H q

Higgs-Z production
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Global analyses in the SMEFT

One operator influences different observables:

Z decay Higgs-Z production

One observable is influenced by different operators:

H q

Higgs-Z production
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Drell-Yan process

Many different global analyses have been performed:

Combinations:

[arXiv:2304.12837: Grunwald, Hiller, Kroninger, Nollen]
[arXiv:1909.13632: BiBmann, Erdmann, Grunwald, Hiller, Kréninger]
[arXiv:2012.02779: Ellis, Madigan, Mimasu, Sanz, You]
[arXiv:2105.00006: Ethier et al. ]

Low energy:

[1706.03783: Falkowski, Gonzalez-Alonso, Mimouni]
Higgs-EW:

[1812.07587: Biekotter, Corbett, Plehn]
[1908.03952: Kraml, Quang Loc, Thi Nhung, Duc Ninh]
[2007.01296: Dawson, Homiller, D. Lane]
[2007.01296: Eduardo da Silva Almeida, et al.]

Top:

[arXiv:1512.03360: Andy Buckley, et al.]
[arXiv:1802.07237: J. A. Aguilar Saavedra, et al.]
[arXiv:1910.03606: |. Brivio, et al.]
[arXiv:2212.05067: Aoude, Maltoni, Mattelaer, Severi, Vryonidou]
Flavour:

[arXiv:2101.07273: Bruggisser, Schafer, van Dyk, Westhoff]
[arXiv:2003.05432: Aoude, Hurth, Renner, Shepherd]

and many others...

In this work:

* The operator selection comes purely from symmetry
assumptions;

 NLO observables have been included in a global fit
without flat directions;

* Dijets observables are included in a consistent way.

Riccardo Bartocci


https://arxiv.org/search/hep-ph?searchtype=author&query=Grunwald,+C
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https://arxiv.org/search/hep-ph?searchtype=author&query=Hiller,+G
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https://arxiv.org/search/hep-ph?searchtype=author&query=Mimasu,+K
https://arxiv.org/search/hep-ph?searchtype=author&query=Sanz,+V
https://arxiv.org/search/hep-ph?searchtype=author&query=You,+T
https://arxiv.org/search/hep-ph?searchtype=author&query=Ethier,+J+J
https://arxiv.org/abs/1706.03783
https://arxiv.org/search/hep-ph?searchtype=author&query=Falkowski,+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Gonz%C3%A1lez-Alonso,+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Mimouni,+K
https://arxiv.org/search/hep-ph?searchtype=author&query=Kraml,+S

Datasets

EWPO:
Dominantly constrain these 10
operators, but leaves two flat directions.

[1909.02000: Dawson, Giardino]

Cl
1 Cup - (3)
3 Hq
o3
icf)
(1)
CHe CHq
EWPO Chr
Hd
CH
Higgs:
Breaks EW flat directions and Chc Cc
constrains some additional purely Ol

boson operators.

; C
[2012.02779: Ellis, Madigan, Mimasu, Sanz, You] ,s//gg HL
[2202.02333: Alasfar, de Blas, Grdber]

Constrained operators: 17 I
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Datasets

Drell-Yan and PVE:
Their interplay is heeded in order to constrain semi-leptonic
operators. [2207.10714: Allwicher et al.]
[1706.03783: Falkowski et al.]

EWPO:
Dominantly constrain these 10
operators, but leaves two flat directions.

[1909.02000: Dawson, Giardino]

Higgs:

Breaks EW flat directions and Cuc Cc
constrains some additional purely
boson operators.

; C
[2012.02779: Ellis, Madigan, Mimasu, Sanz, You] A//QQ HL
[2202.02333: Alasfar, de Blas, Grober]

Constramed operators 24 W
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Datasets

Drell-Yan and PVE:
Their interplay is heeded in order to constrain semi-leptonic
operators. [2207.10714: Allwicher et al.]
[1706.03783: Falkowski et al.]

EWPO:
Dominantly constrain these 10
operators, but leaves two flat directions.

[1909.02000: Dawson, Giardino]
Flavour:

SMEFT operators are flavour symmetric,
nonetheless Yukawa couplings give rise to
flavour violating observables via loop.

These bounds lift correlations present in Top.

[1810.08132: Straub]
[2003.05432: Aoude, Hurth, Renner, Shepherd]

Higgs:

Breaks EW flat directions and
constrains some additional purely
boson operators.

Top:
Put constraints on 4-quark operators
. iInvolving up-type quark.
[2012.02779: Ellis, Madigan, Mimasu, Sanz, You] 6999 Some operators suffer from correlations.

[2202.02333: Alasfar, de Blas, Grober] 2303.06159: K hov. Mad Mant M Al do. R Ubiali
. . AAaSSaboy, vViadigan, vian anl oore, Alvarado, OJO 1all
Constramed operators 31 I [2012 02779: Ellis. Mad.gan Mimasu, Sanz, yOu]
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Datasets

Drell-Yan and PVE:
Their interplay is heeded in order to constrain semi-leptonic
operators. [2207.10714: Allwicher et al.]
[1706.03783: Falkowski et al.]

EWPO:
Dominantly constrain these 10
operators, but leaves two flat directions.

[1909.02000: Dawson, Giardino]
Flavour:

SMEFT operators are flavour symmetric,
nonetheless Yukawa couplings give rise to
flavour violating observables via loop.

These bounds lift correlations present in Top.

[1810.08132: Straub]
Lepton scattering: [2003.05432: Aoude, Hurth, Renner, Shepherd]
Constrain mainly purely leptonic-

operators
[1706.03783: Falkowski, Gonzalez-Alonso, Mimouni]

Higgs:

Breaks EW flat directions and
constrains some additional purely
boson operators.

Top:

Put constraints on 4-quark operators
iInvolving up-type quark.

[2012.02779: Ellis, Madigan, Mimasu, Sanz, You] Some operators suffer from correlations.

[2202.02333: Alasfar, de Blas, Grober] 2303.06159: K hov. Mad Mant M Al do. R Ubiali
. . AAaSSaboy, vViadigan, vian anl oore, Alvarado, OJO 1all
Constramed operators 34 I [2012 02779: Ellis. Mad.gan Mimasu, Sanz. yOu]
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 Some four-quark operators are particularly hard to
constrain.

e Top and flavour cannot constrain them and also NLO
observables are not enough to get constraints.
Flavour )
* Dijets are the perfect observable to address them, but
due to LHC trigger thresholds, only very high energy data
are available, possibly leading to inconsistency:
dominant quadratic terms, breaking of the EFT validity.

Clha
Cad
1
Ly
(2)
o Cad
s, >, Cuaw
4 i) Cuu

Constrained operators: 34 I
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Flavour

Dijets+Y
Cad
Cdd
1
L)
(Z)
. 1 u
90 - %
S% e HW
Y i) Cuu

Constralned operators 41 I

« Considering the production of two jets in
association with a photon enables us to
probe lower dijet invariant-mass ranges
less than 1.1 TeV and circumvent the issue
of dominant quadratic terms.

[2311.04963: RB, Biekotter, Hurth]

d d

d d

Dijet mass range: 225 GeV - 1.1 TeV
[ATLAS: 1901.10917]
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LO vs NLO fit

[2311.04963: RB, Biekotter, Hurth] « Some operators, poorly constrained using only LO

, ' , ' ' : observables, result much better bounded when NLO
06 A=4TeV | LO i observables are included.
N . (part.) NLO
2 04} : . (1) . Dii
E. : Constraints on C;,’ at LO: Dijets
= 02 i
QO | ‘ i Constraints on C'Y) at LO+NLO: Dijets, Higgs, EWPO, Top
5 0.0 — T+ — qu
E 02 ;
’q |
O |
o —0.4r :
e |
—0.6f i
o 8 oz &= o8 ac = S S IT—T"@ s o
= S T T T TS S S SRR
O O
| |
4-quark ops
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LO vs NLO fit

[2311.04963: RB, Biekdtter, Hurth]

* Some operators, poorly constrained using only LO

' ' ' ' ' : observables, result much better bounded when NLO
06 A=4Tev | LO i observables are included.
7 (part.) NLO
e : Constraints on C;,’ at LO: Dijets
< 02} i
QO : - (1) . Dii -
2 00 | I ; i ' | Constraints on Cqu at LO+NLO: Dijets, Higgs, EWPO, Top
£ 02} ;
— |
< o4l i | < Even after the inclusion of NLO predictions for EWPO
3:% ' | observables, the bounds on EW operators did not
o6l i significantly change.
% § <EF 2% 2= g3 § § S U ¥ 5 é Number of operators occurring in EWPO at LO: 10
O O
| | | L _
EWPO ops 4-quark ops Number of operators occurring in EWPO at NLO: 35
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Summary

*In order to fit all the 41 coefficients of the minimal MFV SMEFT, without flat directions,
an extremely various dataset is needed, consisting of about 600 observables.

* Dijet-photon production consistently bounds a set of 4-quark operators otherwise
hard to constrain.

* NLO observables can be successfully implemented in global analyses improving the
bounds for some poorly constrained operators.
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Summary

*In order to fit all the 41 coefficients of the minimal MFV SMEFT, without flat directions,
an extremely various dataset is needed, consisting of about 600 observables.

* Dijet-photon production consistently bounds a set of 4-quark operators otherwise
hard to constrain.

* NLO observables can be successfully implemented in global analyses improving the
bounds for some poorly constrained operators.

Thank you for your attention!
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Warsaw basis

X3 6 4
©° and ¢ D? ¢2 3 _ —
P (LL)(LL)
ABC YAv B C RR)(R D
Qo | f7HGEIGEPGEH | Qp (plp)? Qe (eTe)(lperp) Qu (Lpyple) Ty 1) Q i DD
. ABC N Av r pYubr)lsY ce e 2 T _
& | [ABOGAGEGor | Qun (51001 0) 0 0 (Epyuer) (€7 er) Qe (Lvaly) (Bs7er)
up (‘P @)(qpurw) qq (@pYuar)(@s7*q:) Q 7 - -
QW €IJKWI{VWI;]'OWK“ Q b (QOTD'U )*( TD 3) Ll ( p’}/uur)(us’)/”ut) Qlu (p’yulr)(ﬂsryuut)
_ P v r) ¥ “90) Qs (7o) (@) a | (Gt e) @' 'e) | Q (dyy,d,)(dy* 7 =
QW ngKW/vaI;Ipr,,, Q(” Tl dd pVudr) (dsy"dy) Qud (Lyyuly) (dsy*dy)
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G e pv 3 : - - = ~
Q‘p SOT W[ . o B (lpa er)SOBuv Q(pl (QOJ%D/{ gp) (lpTI’y“l,r) Qud (UP,YNTAUT)(ds'V'uTAdt) Q((;l) (@p7,r) (dsy*dy)
W 2 g ° prA 2 _ (8 _ -
Qw | deWiwiw | g o | eI Sl | Qe | (2 NG (LR)(RL) and (LR)(L Q¥ | @nT4a)(dr T
W " pv I (1 . _ an LR .
o | dotne || e | | o | ol G
7 U ~ v . led €, s e o .
Q ot EM B Qus | (G0"0)0 By ci | (¢'iD}¢)(@T"v"q,) Q(l)q (Fu,) (q':c)l) o Meje [(dy)" Cur] (@) OF]
B © B, B" 7 g TA A g uqd r)€ik\d u g0
0 g - Quc | (Go"TAd)p G4 | Quu | (¢ D, o) (v ur) Qf(lg)q ( ]TZ @) Quq ve i, [(¢29)TCf*] [(u?)TCel]
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Flavour symmetris in the SMEFT

No symmetry U(3)°

Class Operators 3 Gen. 1 Gen. || Exact (’)(Yel,d,u oY}, Y Y?)
1-4 X3, H H*D? X?H? || 9 6 9 6 (|9 6|9 6 9 6
5  ?H3 27 27 |3 3 |- -13 3 4 4
6 Y’XH 72 72 8 8 |- -8 8 11 11
7  Y?H?’D 51 30 8 1 (|7 —-1|7 - 11
(LL)(LL) 171 126 |5 - ||[8 - |8 - 14 -
(RR)(RR) 255 195 |7 - ||9 -9 - 14 -
8 (LL)(RR) 360 288 |8 - |8 —|8 - 18 -
(LR)(RL) 81 81 1 1 |- —-|- - - -
(LR)(LR) 324 324 |4 4 |- |- - 4 4
total: 1350 1149 | 53 23 || 41 6 |52 17 |85 26

Table 1: Number of independent operators in U(3)°, MFV and without symmetry. In each column
the left (right) number corresponds to the number of CP-even (CP-odd) coefficients. O(X"™) stands

for including terms up to O(X™).
[2005 05366: Faroughy Isidori, Wilsch, Yamamoto]
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Flavour violation in MFV SMEFT

[2003.05432: Aoude, Hurth, Renner, Shepherd]
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Flavour violation in MFV SMEFT

Observables in the SMEFT are given by:

C? 20
oo [AP = |[Asml’  + 5 Re(AdsAfn) + g [Aasl” + 7 Re(AasAdy) +
isilicii A4
SM background \_\’_/

signal theoretical uncertainty

When quadratic terms become relevant we cannot neglect anymore theoretical uncertainty.
Cross sections for 4-quark operators increase with the energy.

Caal?
AL °

Rencontres de Moriond EW 2024, 26/03/2024 Riccardo Bartocci

O X



Correlations and flat directions

Bounds on Wilson coefficients are obtained comparing theoretical predictions and experimental limits:

0.05 -
95% C.L.

3+ Drell-Yan * Drell-Yan process significantly constrains semi-leptonic operators.

[2207.10714: Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch]
0.025 -

-0.025 ¢

qu/A2 TeV 2]

-0.05

[2311.04963: RB, Biekotter, Hurth]



Correlations and flat directions

Bounds on Wilson coefficients are obtained comparing theoretical predictions and experimental limits:

0.9
95% C.L.
0.4 — Drell-Yan - * Drell-Yan process significantly constrains semi-leptonic operators.
[2207.10714: Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch]
0.3
L 0.2; :
H * However, neither final state flavour nor different energy bins constrain different
. directions of the parameter space. Single parameter bounds are weakened by a
= 0.17 : factor 20. In the worst case: FLAT DIRECTIONS.
T~—
Q% 0 _
-0.1+ -
-0.2 | |
-0.4 -0.2 0 0.2

Clu/AQ [TGV_Q]

[2311.04963: RB, Biekotter, Hurth]



Correlations and flat directions

Bounds on Wilson coefficients are obtained comparing theoretical predictions and experimental limits:

0.5

95% C.L.
0.4 — Drell-Yan

03l PVE _

* Drell-Yan process significantly constrains semi-leptonic operators.
[2207.10714: Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch]

0.2+ ]

* However, neither final state flavour nor different energy bins constrain different
directions of the parameter space. Single parameter bounds are weakened by a

qu/A2 TeV 2]

0.1+ factor 20. In the worst case: FLAT DIRECTIONS.
0+ \\ 2
-0.1+ -
* The solution is to consider a broad set of observables, both at high and low energy
0.2 | such that different directions are probed. For semileptonic operators: Parity Violating

-04 -0.2 0 0.2 Experiments.
Cgu/AQ [TGV_Q]

[2311.04963: RB, Biekotter, Hurth]

[1706.03783: Falkowski, Gonzalez-Alonso, Mimouni]
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Correlations and flat directions

Bounds on Wilson coefficients are obtained comparing theoretical predictions and experimental limits:

0.5

95% C.L.

 Drell-Yan process significantly constrains semi-leptonic operators.
0.4} — Drell-Yan - P J y P P
PVE [2207.10714: Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch]

0.3} _
DY+PVE

0.2+

* However, neither final state flavour nor different energy bins constrain different
directions of the parameter space. Single parameter bounds are weakened by a

qu/A2 TeV 2]

0.1+ factor 20. In the worst case: FLAT DIRECTIONS.
O — \\\\\ 7
-0.1+ -
* The solution is to consider a broad set of observables, both at high and low energy
0.2 | such that different directions are probed. For semileptonic operators: Parity Violating

-04 -0.2 0 0.2 Experiments.
Clu/AQ [TGV_Q]

[2311.04963: RB, Biekotter, Hurth]

[1706.03783: Falkowski, Gonzalez-Alonso, Mimouni]


https://arxiv.org/abs/1706.03783
https://arxiv.org/search/hep-ph?searchtype=author&query=Falkowski,+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Gonz%C3%A1lez-Alonso,+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Mimouni,+K

Models compatible with our assumption /'~

= a2 SR = a2 N AL O e Y T S Dy o GRS =

These scalar extensions of the SM match at 1-loop only on flavour symmetric operators:

Complex colour sextet, isospin singlet: x, = (6¢, 1z, —% Y)

2
Lys =L + (Duxs)' (D*xs) —m2, xdxs —n  HTH xhxs — Ay (X§X3)
i\ t B
— {yx3 (d% I) C (X:’;‘B) d'R} + h.c.}
Complex Singlet: S2 = (10,15, 2|y)

Ls, = LIS +(D,S5)T (D*Ss) — m%, S1Ss — s, |H|?|Sa|* — As, [Sal*
— {y52e£ CerSy + h.c.}

Complex colour triplet, isospin singlet: v, = (3¢, 1z, —%{Y)
2
Lo, = £§1\§44 2 (Du902)T UBalery = mg202 ‘PES@ — N, H'H ‘Pl% . >‘<,92 (90];902)
-+ {ygo2 cpS‘Td%TC’eR + h.c.}

[arXiv:2111.05876: Anisha, Das Bakshi, Banerjee, Bieko6tter, Chakrabortty, Patra, Spannowsky]
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Correlation matrix

Ce 4 -30/29
Cu 1-13117
Cus 14-17/32
[of*%al-40/40-38-17 8 -11 10 7 -39-10-27
P s0 )37 o -38 16 -7 5] 22140 43
ol 1821 27 24 -9 -21 16 -4 22 -7 9 -1 23
%40 0 0 2-76-25110-50 -1
oPll 13 12-18 -1 4 11 -8 3 -12-1-10 2 -12 -3 -9
oMl -> 2 0 3112 -5-1-2-3-2-20 4-11F¢
oM 5 4 5 6446 68 7 7 4155 0 -5-8
o 15-14 28 -5 -15-12-23-32 14 -3 8 -15 19-28 -1 -34 -2
oM 5 5 748 901-6-2-25-6-102 7 3
oM 1 5 0 7287293 0 0-11-7 5 1 8 -15-5
oM 10 -6 18-23 5 11 -2 26 3 -6 10 -7 7 -29 0 26 4
o% 12 15-14-21 0 -1 1 6 -15-7-10 1 -10-10-3 6 3
ol 23 26-42 3 5 10 4 3 26 4 -1915-28 3 -2 87 2 -4 -85 8 -57-75 8
oM 4644 /62|10 16-27 26 -4 48 -5 86-14/41 27 -3 -36 5 -1 -9 12/59-11-82
o) 264 4 210 8 102011 -7 2 -2 145102 5 8 8 -9 4
Coe 8 2-10-11-10-12-3 0 -5 6 -5 -5 8 2 0 2-5744 1 -4 25 4
) 150 4187 0 -831-7 9 9 8 8 5-16 3 -6 8 -2-38 -2
cl 24 -3 2 6 -8 -7 -821-8 2 0-12-14-43-10 6 -3 7 -4-69 -7 |38
oM s 5 5 23 2 8165 4 4 -1 4 0 4-374117 -3 -1 5 -4 3 -27-7 -6 85
014844 -33-21-17 14-15 -4 -44-52-4118-3912 -4 1 0 4 -1-64 2 3 -5-8103 3 -1
lo%h-15 12-11 16-89 3 -3129-10 -4 -18 4 -7 14 7 0 -9 |45 -2 -10 22 3-1818 3 0 -15-2 24
W5 4 9 418 254 -68-4157-164 017 2 11 23231 4 -1 3 -1 -3 -4
oM 6 4 -4 647 6 5-36-7 -8 -4 2 -6 -5 1 -4-1-97 4 7 -10 4 1-56 0 -8 54|-3 -3-48 -1
C. B -1615-15-2 4114151223 6 11138 2 5 0 1 7-21 9 5 -5 19 19 -3 8 -17 -1 -26-84 2
0%l 14 15-14-11 9 2 7 7 -14-5-1012-15-2 10-34-39 6 4 1 7 -1 0 3 -6-23-10-9 2540 5 -7 -4
o 1 -1 142673131110 85061534 20233-4255-1627-51 -2

0.6

0.4

0.2

o4 > 13 3137 8130322857573 23 3 4146 52441 2 1 3
oWl 3 2 2 3 8-4-719-35 20 -20 0 -7 -5-1511 -1 2267 1-41-862 6 3 4 -2-32 0 -11
o433 64-1-16-1-38076-6-31-3-2-356 710 0-28-112 -5 1 6 3 -3 3 1 -1
(of%e] 42 -42 40 22 4 -542 11308643 6 2 -3 1 4 15 -6 -1-17 16 20 -7 -28-18 4 -18 -3 5
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Full NLO results
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Full results removing datasets

¢/ (90
nb
i (3
2/ Lo
0c/"0
001/7"D
B o)
3\@0
—= G 0
OH.AmWU
| m \%WU
¢/ (Ho
— Qﬁ\mwb
=
= nb
<t _ A:D
I
= b
— OH\%VQ
= = = = =
- a T )
[z-A°L] ;V/D wo jry 10 %66
I
o) m WL 2
s @z g5 28 5 -
=z o R H D A A
~ o0 0o 0o 0o 06 o o
= < T2 I =
< B B B B B B B
10T~ 71D
lwwb
lwﬁv
120
lﬂﬁw B
16/PHD S N Y N N S
nH o) S
b
- w.@@ -1
by
—1— ISD ——
1H
— lAmvb
1H
— 10
g >
- aHn WM
I T
I
<
e MQZﬁU <
S G : | — | |
FI.\/GH; m<\© o Il T %46 FI\/@H; N<\Q o JTWI D) %S6

lm\mﬂw

lm\zﬁv

loﬁ\%ﬁu

lm\zww

IUQ

1001 - 25D

10T/HD

I\SEQ

| HQQ\ED

10T - mmb

Riccardo Bartocci

Rencontres de Moriond EW 2024, 26/03/2024



